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(57) Abstract: A half-sandwich coordination complex, useful for the synthesis of triple-decker sandwich coordination compounds, 
is produced by reacting a precursor complex of the formula XM(R1)2 wherein X is a halogen, M is a metal, and Rl is an amide, with 
Q a free base porphyrinic macrocycle to produce said half -sandwich complex. The half- sandwich coordination complex can be used to 
£^ make a triple-decker sandwich coordination compound by reacting a half-sandwich coordination complex as described above with a 
^ double-decker sandwich coordination compound. 
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RATIONAL SYNTHESES OF HETEROLEPTIC 
LANTHANIDE SANDWICH COORDINATION COMPLEXES 

Jonathan S. Lindsey and Thoralf Gross 

Field of the Invention 

The present invention concerns methods of making triple decker sandwich 
coordination compounds and intermediates usefiil for carrying out such methods. 

Background of the Invention 

The storage of information at the molecular level can afford extraordinarily 
high memory densities. An approach toward molecular-based information storage that 
involves the storage of data in distinct molecular oxidation states has been developed. 
(see, e.g., Lindsey, U.S. Patent No. 6,212,093; Roth, et al. (2000) J. Vac Sci. Technol. 
B 18:2359-2364; Gryko, et al. (2000) Org. Chem. 65:7345-7355; Gryko, et al. 
(2000) J. Org. Chem. 65:7356-7362; Clausen, et al. (2000) J. Org. Chem. 65:7363- 
7370; Clausen, et al. (2000) J. Org. Chem. 65:7371-7378; Li, et al. (2000) J. Org. 
Chem. 65:7379-7390; Gryko, et al. (2001) J. Mater. Chem. 11: 1162-1180). Thiol- 
derivatized redox-active molecules are attached to an electroactive surface, thereby 
enabling reading and writing to be achieved via electrical methods (Roth, et al. Anal. 
Chem. submitted). The information storage density can be increased commensurate 
with the number of available oxidation states of the molecules in a memory storage 
location. 

Among the various classes of molecules examined for information storage, 
(Gryko, et al. (2000) J. Org. Chem. 65:7345-7355; Gryko, et al. (2000) J. Org. Chem. 
65:7356-7362; Clausen, et al. (2000) J. Org. Chem. 65:7363-7370; Clausen, et al. 
(2000)7. Org. Chem. 65:7371-7378) the triple-decker lanthanide sandwich molecules 
(Tran-Thi, T.-H. (1997) Coord. Chem. Rev. 160:53-91; Ng and Jiang (1997) Chem. 
Soc. Rev. 26:433-442) comprised of porphyrinic ligands proved most attractive due to 
their large number of redox states, reversible electrochemistry, and relatively low 
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oxidation potentials. The triple deckers generally exhibit four oxidation states in the 
range 0-1.4 V (vs Ag/Ag*), corresponding to the formation of the monocation, 
dication, trication, and tetracation (Li, et al. (2000) J. Org. Chem. 65:7379-7390; 
Gryko,etal. (2001)/ Mater. Chem. 11: 1162-1180). A further attraction of this class 
of molecules stems from the possibility of interleaving the potentials of two triple 
deckers, thereby achieving as many as eight accessible cationic oxidation states. This 
approach for molecular-information storage requires the ability to synthesize triple 
deckers of a given type bearing linkers for attachment to an electroactive surface. 

The synthesis of homoleptic porphyrin triple deckers, first reported by the 
groups of Buchler (Buchler and Knoff (1985) In: Optical Properties and Structure of 
Tetrapyrroles; Blauer, G.; Sund, H., Eds.; de Gruyter: Berlin, pp 91-105) and Weiss 
(Buchler, et al. (1986) J. Am. Chem. Soc. 108:3652-3659), employed the reaction of a 
lanthanide acetylacetonate complex with a porphyrin in refluxing 1,2,4- 
trichlorobenzene (1,2,4-trichlorobenzene has bp 214°C; the oil bath temperature for 
these reactions was set at ~230°C). This procedure grew out of a method developed 
by Horrocks for the preparation of (Por)M(acac) complexes by reaction of a porphyrin 
with a lanthanide(acac) complex in refluxing 1,2,4-trichlorobenzene (Wong, et al. 
(1974) J. Am. Chem. Soc. 96:7149-7150; Wong, C.-P. (1983) Inorg. Synth. 22:156- 
162). The synthesis of heteroleptic (porphyrin/phthalocyanine) triple deckers has 
been achieved by two distinct procedures, an undirected "reaction-of-monomers" 
route and a directed "monomer + dimer" route (vide infra). The former route 
proceeds as follows: A porphyrin is treated with excess Mfacac^nftO in refluxing 
1,2,4-trichlorobenzene, affording the porphyrin-M(acac) complex (Moussavi, et al. 
(1986) Inorg. Chem. 25:2107-2108). The mixture is then treated with a dilithium 
phthalocyanine under continued reflux. In various applications of this method it has 
become clear that the product composition depends on the lanthanide, the nature of 
the substituents on the porphyrin and phthalocyanine, and the ratio of the reactants 
(Ng and Jiang (1997) Chem. Soc. Rev. 26:433-442). In our hands, the reaction-of- 
monomers route using M = Eu afforded two double deckers of composition 
(Por)M(Pc) and (Pc)M(Pc), and three triple decker complexes of composition 
(Por)M(Pc)M(Por), (Pc)M(Por)M(Pc), and (Pc)M(Pc)M(Por); the yields of the three 
types of triple deckers were typically 10-20%, <3%, and 10-14%, respectively, upon 
chromatographic purification (Li, et al. (2000)7. Org. Chem. 65:7379-7390). 
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Accordingly, there remains a need for new methods for the rational synthesis 
of heteroleptic lanthanide sandwich coordination complexes. 

Summary of the Invention 

A first aspect of the present invention is a half-sandwich coordination 
complex, useful for the synthesis of triple-decker sandwich coordination compounds, 
produced by the process of: reacting a precursor complex of the formula XM(R I ) 2 
with a free base porphyrinic macrocycle to produce said half-sandwich complex, 
wherein X is a halogen, M is a metal (e.g., a metal selected from the group consisting 
of Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu), and R ! is an amide. 

The precursor complex may be produced by reacting a compound of the 
formula MX3, wherein M is a lanthanide metal and X is halogen, with a compound of 
the formula ZR 1 , wherein Z is a counter-ion and R 1 is an amide, to produce the 
precursor complex of the formula X-M(R 1 ) 2 . 

Alternatively stated, the present invention provides a half-sandwich 
coordination complex, useful for the synthesis of triple-decker sandwich coordination 
compounds, according to Formula (I): 

L-M-X (I) 

wherein X is a halogen; M is a metal (eg., a metal selected from the group consisting 
of Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu), and L is a porphyrinic 
macrocycle group. 

A further aspect of the present invention is a method of making a half 
sandwich coordination complex, comprising the steps of: reacting a precursor 
complex of the formula X-M(R ! )2, with a free base porphyrinic macrocycle to 
produce said half-sandwich complex; wherein X is a halogen, M is a metal (e.g., a 
metal selected from the group consisting of Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, 
Tm, Yb and Lu), and R 1 is an amide. 

A further aspect of the present invention is a method of making a triple-decker 
sandwich coordination compound, comprising the step of reacting a half-sandwich 
coordination complex as described above with a double-decker sandwich coordination 
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compound, preferably in a polar aprotic solvent, and preferably at a temperature of at 
least 100 °C, to produce said triple-decker sandwich coordination compound. 

The foregoing and other objects and aspects of the present invention are 
explained in greater detail below. 

Detailed Description of the Preferred Embodiments 

The terms "sandwich coordination compound" or "sandwich coordination 
complex" refer to a compound of the formula L n M n "\ where each L is a heterocyclic 
ligand (as described below), each M is a metal, n is 2 or more, most preferably 2 or 3, 
and each metal is positioned between a pair of ligands and bonded to one or more 
hetero atom (and typically a plurality of hetero atoms, e.g., 2, 3, 4, 5) in each ligand. 
Thus sandwich coordination compounds are not organometallic compounds such as 
ferrocene, in which the metal is bonded to carbon atoms. The ligands m the sandwich 
coordination compound are generally arranged in a stacked orientation (i.e., are 
generally cofacially oriented and axially aligned with one another, although they may 
or may not be rotated about that axis with respect to one another). See, e.g., D. Ng 
and J. Jiang, Sandwich-type heteroleptic phthalocyaninato and poiphyrinato metal 
complexes, Chem. Soc. Rev. 26, 433-442 (1997). 

The term "double-decker sandwich coordination compound" refers to a 
sandwich coordination compound as described above where n is 2, thus having the 
formula L ! -M l -L 2 , wherein each of L 1 and L 2 may be the same or different. See, e.g., 
J. Jiang et aL 9 Double-decker Yttrium(III) Complexes with Phthalocyaninato and 
Poiphyrinato Ligands, J. Porphyrins Phthalocyanines 3: 322-328 (1999). 

The term "triple-decker sandwich coordination compound" refers to a 
sandwich coordination compound as described above where n is 3, thus having the 
formula L^M'-L^M^-L 3 , wherein each of L 1 , L 2 and L 3 may be the same or different, 
and M 1 and M 2 may be the same or different. See, e.g., D. Arnold et al. y Mixed 
Phthalocyaninato-Porphyrinato Europium(III) Triple-decker Sandwich Complexes 
Containing a Conjugated Dimeric Porphyrin Ligand, Chem. Lett. 6: 483-484 (1999). 

The term "homoleptic sandwich coordination compound" refers to a sandwich 
coordination compound as described above wherein all of the ligands L are the same. 



WO 02/088128 



-5- 



PCT/US02/13443 



The term "heteroleptic sandwich coordination compound" refers to a sandwich 
coordination compound as described above wherein at least one ligand L is different 
from the other ligands therein. 

The term "porphyrinic macrocycle" refers to a porphyrin or porphyrin 
derivative. Such derivatives include porphyrins with extra rings ortho-fused, or ortho- 
perifiised, to the porphyrin nucleus, porphyrins having a replacement of one or more 
carbon atoms of the porphyrin ring by an atom of another element (skeletal 
replacement), derivatives having a replacement of a nitrogen atom of the porphyrin 
ring by an atom of another element (skeletal replacement of nitrogen), derivatives . 
having substituents other than hydrogen located at the peripheral (meso-, (}-) or core 
atoms of the porphyrin, derivatives with saturation of one or more bonds of the 
porphyrin (hydroporphyrins, e.g., chlorins, bacteriochlorins, isobacteriochlorins, 
decahydroporphyrins, corphins, pyrrocorphins, etc.), derivatives obtained by 
coordination of one or more metals to one or more porphyrin atoms 
(metalloporphyrins), derivatives having one or more atoms, including pyrrolic and 
pyrromethenyl units, inserted in the porphyrin ring (expanded porphyrins), derivatives 
having one or more groups removed from the porphyrin ring (contracted porphyrins, 
e.g., corrin, corrole) and combinations of the foregoing derivatives (e.g. 
phthalocyanines, porphyrazines, naphthalocyanines, subphthalocyanines, and 
porphyrin isomers). Preferred porphyrinic macrocycles comprise at least one 5- 
membered ring (e.g., a pyrrole ring). 

The term porphyrin refers to a cyclic structure typically composed of four 
pyrrole rings together with four nitrogen atoms and two replaceable hydrogens for 
which various metal atoms can readily be substituted. A typical porphyrin is hemin. 

The term "aryl" refers to a compound whose molecules have the ring structure 
characteristic of benzene, naphthalene, phenanthrene, anthracene, etc. (i.e., either the 
6-carbon ring of benzene or the condensed 6-carbon rings of the other aromatic 
derivatives). For example, an aryl group may be phenyl (C6H 5 ) or naphthyl (QoH?). It 
is recognized that the aryl, while acting as substituent can itself have additional 
substituents (eg., the substituents provided for S n in the various formulas herein). 

The term "alkyl" refers to a paraffinic hydrocarbon group which may be 
derived from an alkane by dropping one hydrogen from the formula. Examples are 
methyl (CH 3 -), ethyl (C 2 H 5 -), propyl (CH 3 CH 2 CH 2 -), isopropyl ((CH 3 ) 2 CH-). 
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The term "halogen" refers to one of the electronegative elements of group 
VIIA of the periodic table (fluorine, chlorine, bromine, iodine, astatine). 
The term "nitro" refers to an -NO2 group. 
The term "amino" refers to an -NH2 group. 

The term "perfluoroalkyl" refers to an alkyl group where every hydrogen atom 
is replaced with a fluorine atom. 

The term "perfluoroaryl" refers to an aryl group where every hydrogen atom is 
replaced with a fluorine atom. 

The term "pyridyl" refers to an aryl group where one CR unit is replaced with 
a nitrogen atom. 

The term "cyano" refers to a -CN group. 

The term "thiocyanato" refers to an -SCN group. 

The term "sulfoxyl" refers to a group of composition RS(O)- where R is some 
alkyl, aryl, cycloalkyl, perfluoroalkyl, or perfluoroaryl group. Examples include, but 
are not limited to methylsulfoxyl, phenylsulfoxyl, etc. 

The term "sulfonyl" refers to a group of composition RSO2- where R is some 
alkyl, aryl, cycloalkyl, perfluoroalkyl, or perfluoroaryl group. Examples include, but 
are not limited to methylsulfonyl, phenylsulfonyl,/>-toluenesu!fonyl, etc. 

The term "carbamoyl" refers to the group of composition R 1 (R 2 )NC(0)-where 
R 1 and R 2 are H or some alkyl, aryl, cycloalkyl, perfluoroalkyl, or perfluoroaryl 
group. Examples include, but are not limited to Af-ethylcarbamoyl, N,N- 
dimethylcarbamoyl, etc. 

The term "amido" refers to the group of composition R ! CON(R 2 )- where R 1 
and R 2 are H or some alkyl, aryl, cycloalkyl, perfluoroalkyl, or perfluoroaryl group. 
Examples include, but are not limited to acetamido, N-ethylbenzamido, etc. 

The term "acyl" refers to an organic acid group in which the -OH of the 
carboxyl group is replaced by some other substituent (RCO-). Examples include, but 
are not limited to acetyl, benzoyl, etc. 

In preferred embodiments, when a metal is designated by "M" or "M n ", where 
n is an integer, it is recognized that the metal may be associated with a counterion. 

The term "substituent" as used in the formulas herein, particularly designated 
by S or S n where n is an integer, in a preferred embodiment refer to redox-active 
groups (subunits) that can be used to adjust the redox potential(s) of the subject 
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compound. Preferred substituents include, but are not limited to, aryl, phenyl, 
cycloalkyl, alkyl, halogen, alkoxy, alkylthio, perfluoroalkyl, perfluoroaryl, pyridyl, 
cyano, thiocyanato, nitro, amino, alkylamino, acyl, sulfoxyl, sulfonyl, amido, and 
carbamoyl. In preferred embodiments, a substituted aryl group is attached to a 
porphyrin or a porphyrinic macrocycle, and the substituents on the aryl group are 
selected from the group consisting of aryl, phenyl, cycloalkyl, alkyl, halogen, alkoxy, 
alkylthio, perfluoroalkyl, perfluoroaryl, pyridyl, cyano, thiocyanato, nitro, amino, 
alkylamino, acyl, sulfoxyl, sulfonyl, amido, and carbamoyl. Additional substituents 
include, but are not limited to, 4-chlorophenyl, 4-trifluoromethylphenyl, and 4- 
methoxyphenyl. 

All United States patent references cited herein are to be incorporated by 
reference herein in their entirety. 

Porphyrinic macrocycles as described above are known. Particular examples 
are given in U.S. Patent No. 6,212,093 to Lindsey. Porphyrinic macrocycles may be 
converted to free base form in accordance with standard techniques for the 
displacement of coordinating metals. Examples of suitable porphyrinic macrocycles 
include but are not limited to compounds of Formula X and compounds of Formula 



K 1 , K 2 , K 3 , K 4 , K 5 , K 6 , K 7 , and K 8 are independently selected from the group 
consisting of N, O, S, Se, and Te (preferably N); and 

S\ S 2 , S 3 , S 4 S 5 , S 6 , S 7 , S 8 , S 9 , S 10 , S u , and S 12 are independently selected 
substituents each selected from the group consisting of H, aryl, phenyl, cycloalkyl, 
alkyl, halogen, alkoxy, alkylthio, perfluoroalkyl, perfluoroaryl, pyridyl, cyano, 
thiocyanato, nitro, amino, alkylamino, acyl, sulfoxyl, sulfonyl, imido, amido, and 
carbamoyl. 



XI: 




wherein: 
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In addition, each pair of S 1 and S 2 , S 3 and S 4 , S 5 and S 6 , and S 7 and S 8 , may 
independently form an annulated arene {e.g., selected from the group consisting of 
benzene, naphthalene, and anthracene), which annulated arene may in turn may be 
unsubstituted or (e.g., substituted one or more times with a substituent selected from 
the group consisting of H, aryl, phenyl, cycloalkyl, alkyl, halogen, alkoxy, alkylthio, 
perfluoroalkyl, perfluoroaryl, pyridyl, cyano, thiocyanato, nitro, amino, alkylamino, 
acyl, sulfoxyl, sulfonyl, imido, amido, and carbamoyl). 

Metals "M" used to carry out the present invention are, in general, lanthanides 
such as Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb or Lu (preferably Ce, Pr, Nd, 
Sm, or Eu, and most preferably Ce or Eu). 

Precursor complexes of the formula XM(R ] )2 used to carry out the present 
invention may be produced by reacting a compound of the formula MX 3 , wherein M 
is a lanthanide metal and X is halogen, with a compound of the formula ZR 1 , wherein 
Z is a counter-ion and R 1 is an amide, to produce the precursor complex of the 
formula X-M(R ! ) 2 . Suitable amides R 1 are generally of the formula NR 2 R 3 , wherein 
R 2 and R 3 are each independently selected from the group consisting of C1-C6 alkyl, 
and silyl. Particularly prefered are disilylamides such as -N(SiMe3)2. Any suitable 
counterion may be employed, including but not limited to CI, Br, and L The reaction 
may be carried out with the same solvents as described below (e.g., glyme solvents), 
and may be carried out at any suitable temperature, such as room temperature or 0 °C. 

A half sandwich coordination complex of the present invention is made by 
reacting a precursor complex of the formula X-M(R I )2 with a free base porphyrinic 
macrocycle to produce said half-sandwich complex. In general, and as described 
above, X is a halogen, M is a metal (e.g., a metal selected from the group consisting 
of Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu), and R ! is an amide. The 
reaction may be carried out in any suitable organic solvent (generally polar), but is 
typically carried out in a nonaqueous solvent, and is preferably carried out in a polar 
aprotic organic solvent. Particularly suitable are glyme solvents (solvents comprising 
multiple alkyl ether units, and generally having a boiling point between 100 °C and 
200 °C), such as bis(2-methoxyethyl) ether. The reacting step may be carried out at 
any suitable temperature, but is preferably carried out at a temperature of at least 100 
°C, and is preferably carried out at a temperature of 200 °C or less. The reaction may 
be carried out in an inert atmosphere, may be carried out under standard dry 
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conditions, and may be carried out in any suitable apparatus such as a Schlenk 
apparatus. 

Without wishing to be bound to any particular theory of the invention, it is 
believed the foregoing process provides a half-sandwich coordination complex 
according to Formula (I): 

L-M-X (I) 

wherein X is a halogen; M is a metal and L is a porphyrinic macrocycle group as 
described above. Of course, this is an intermediate compound, and the particular 
structure of this compound is not critical to carrying out methods of synthesizing the 
triple-decker compounds described herein. 

The half-sandwich coordination complexes synthesized as described above 
may be used to make triple-decker sandwich coordination compounds by reacting a 
half-sandwich coordination complex as described above with a double-decker 
sandwich coordination compound {e.g., a heteroleptic or homoleptic double-decker 
sandwich coordination compound), preferably in a polar aprotic solvent, and 
preferably at a temperature of at least 100 °C, to produce the triple-decker sandwich 
coordination compound. Preferably at least one of the three porphyrinic macrocycles 
involved in the reaction (one in the half-sandwich coordination complex; the other 
two in the double-decker sandwich coordination compound) is different from the 
others, so that the triple-decker sandwich coordination compounds so made are 
heteroleptic sandwich coordination compounds. Since these reactions may be carried 
out in a one-pot fashion, the reaction conditions for this step may be essentially the 
same or the same as the reaction conditions described above for synthesis of the half- 
sandwich coordination complexes. The triple decker sandwich coordination 
compounds may be purified for subsequent use in accordance with known techniques. 
The reaction may be carried out under essentially the same conditions described 
above, preferably under dry conditions. 

Triple-decker sandwich coordination compounds produced by the methods of 
the present invention can be used for any purpose, including but not limited to the 
manufacture of high density memory devices as described in U.S. Patent No. 
6,212,093 to Lindsey. 
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The present invention is explained in greater detail in the following non- 
limiting Examples. 



EXAMPLES 

The (Pc)Eu(Pc)Eu(Por) type of triple decker was employed for attachment via 
a thiol linker to an electroactive surface. The reasons were two-fold. (1) Only one 
thiol linker per triple decker was sought in order to avoid the complications that might 
arise with rotational isomers if two linkers were present. Rotational isomers have 
been reported in a cerium double decker containing two different porphyrins 
(Takeuchi, et al. (1998) Tetrahedron Lett 39:7897-7900; Sugasaki, et al. (1999) J. 
Chem. Soc, Perkin Trans. 1:3259-3264). (2) The synthetic chemistry of porphyrins is 
better developed than that of phthalocyanines (Lindsey, J. S. (2000) In: The Porphyrin 
Handbook; Kadish, K. M., Smith, K. M., Guilard, R., Eds.; Academic Press: San 
Diego, CA, Vol. 1, pp 45-118). Thus, a synthetic handle in triple deckers would be 
more easily introduced via a suitably functionalized porphyrin monomer than with a 
phthalocyanine. This work led to a set of thiol-derivatized (Pc)Eu(Pc)Eu(Por) triple 
deckers, which yielded self-assembled monolayers on gold electrodes with 
electrochemical properties suitable for molecular-based information storage (Li, et al. 
(2000) J. Org, Chem. 65:7379-7390; Gryko, et al. (2001) J. Mater. Chem. 11: 1162- 
1180). 

The solution electrochemical properties of the three types of triple deckers 
with a variety of substituted (but not thiol-derivatized) porphyrin and phthalocyanine 
rings were examined. The motivation for this work was to identify suitable pairs of 
triple deckers that exhibit interleaving of oxidation potentials, thereby affording the 
opportunity for increased density of information storage. In a number of cases, the 
triple decker of type (Por)Eu(Pc)Eu(Por) constituted one or both members of the pair 
of triple deckers. Triple deckers of type (Por 1 )M(Pc)M(Por 2 ) are not available via the 
"reaction-of-monomers" synthesis. To minimize the arduous chromatography 
associated with the preparation of triple deckers of type (Pc)Eu(Pc)Eu(Por) which 
have been worked with extensively, and to gain access to triple deckers of type 
(Por 1 )Eu(Pc)Eu(Pof 2 ) in which only one porphyrin bears a thiol linker, directed 
"monomer + dimer" syntheses of triple-decker compounds were investigated. 
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A directed synthesis of heteroleptic heteronuclear triple deckers has been 
described by Weiss's group (Chabach, et al. (1996) Angew. Chem. Int. Ed. Engl. 
35:898-899). The reaction of a (Por^M^acac) half-sandwich complex (M 1 = Gd, Lu 
and Y) and a double decker (Por^M^Pc) (M 2 = La, Ce) in refluxing 1,2,4- 
trichlorobenzene afforded triple deckers of the type (Por 1 )M 1 (Pc)M 2 (Por 2 ) in high 
yields (64-81%) with no other triple deckers reported (supra). This "monomer + 
dimer" method has rarely been used. In one application, u PcLi2, M(acac) 3 , and 
(Pc')M(Pc') (terms defined below) were reacted in refluxing 1,2,4-trichlorobenzene. 
In all cases examined, a mixture of ( u Pc)M(Pc')M(Pc') and ( u Pc)M(Pc')M( u Pc) was 
obtained (Liu, et ah (2000) Inorg. Chim. Acta 310:140-146). To date, the Weiss 
method has not been applied with a (Pc)M(Pc) double decker to obtain the 
(Pc)Eu(Pc)Eu(Por) triple decker. 

These studies were begun by applying the Weiss method in pursuit of the 
(Pc)Eu(Pc)Eu(Por) or (Por^EufPcJEuOPor 2 ) complexes. A single triple decker was 
obtained with this method in some applications but mixtures of triple deckers in other 
applications. The mixtures of triple deckers likely result from cleavage of the double 
decker under the high temperature conditions of the synthesis. Such limitations in 
scope prompted the inventors to investigate rational routes that proceed at lower 
temperature for the synthesis of heteroleptic triple deckers. 

This study describes results obtained upon application of the "monomer + 
dimer" method of Weiss. It also describes experiments aimed at developing new 
synthetic methods for the preparation of triple-decker compounds. The method 
developed here employs a reactive, non-acac lanthanide reagent that is formed in situ; 
the reaction of this complex with a porphyrin affords the half-sandwich complex. The 
reaction of the latter with a double decker affords the corresponding triple decker. 
Several triple deckers of the type (Por^M^cJM^or 2 ) or (Pc)M , (Pc)M 2 (Por) have 
been prepared in this manner, where M 1 or M 2 = Eu or Ce. Among the lanthanides, 
cerium is particularly attractive because cerium triple deckers exhibit metal-centered 
oxidation states in addition to the four ligand-centered cationic oxidation states 
(Duchowski and Bocian (1990) J. Am. Chem. Soc. 112:8807-881 1). The investigation 
of the information-storage properties of these compounds will be described elsewhere. 
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Results and Discussion 

The porphyrins and phthalocyanines employed in the following studies are 
shown in Chart 1. For nomenclature, the terms (Por) and (Pc) are used to indicate a 
generic porphyrin or phthalocyanine entity in a sandwich architecture without regard 
to the nature of the substituents. For clarity, the unsubstituted free base 
phthalocyanine is denoted "Pcl^. Specific substituted porphyrin or phthalocyanine 
compounds are denoted with appropriate prefixes to indicate the nature of the 
substituents. 
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R 1 = R 2 = I 1-PoiH 2 
R 1 = TMS-ethynyl; R 2 = TIPS-ethynyl 2-PorHj 
R 1 = TMS-ethynyl; R 2 = I 3-PorH 2 




R = CH3-CeH4/ R 2 = H TTPH2 

R =C«Hs/R 2 = H TPPH2 

R 1 = pentyl/ R = H P11PH2 

R 1 = H/R 2 =C 2 H 5 OEPH2 




R 1 = R 2 =H u PcU 2 

R 1 = R 2 = octyloxy (octyloxy^PcLfe 

R 1 /R 2 =Hi(CH 3 )bC tBPdJ 2 

R 1 = R 2 = teptyl (heptylJgPcLlj 




R = t-Bu tBNcHi 



Chart 1 
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I. Synthesis of Triple Deckers using Eu(acac)ynH 2 0. 

The Weiss method for preparing triple deckers of the type 
(Por^M'CPcJft^CPor 2 ) proceeded as follows (Chabach, et al. (1996) Angew. Chem. 
Int. Ed. Engl 35:898-899). A porphyrin was treated with excess M 1 (acac)3-nH 2 0 in 
refluxing 1,2,4-trichlorobenzene for 4 h, affording the (Por^M^acac) complex. This 
complex was treated with the mixed double-decker species (Pof 2 )M 2 (Pc) and 
refluxing was continued for 8 h. The efforts to prepare triple deckers of type 
(Pc)Eu(Pc)Eu(Por) or (Por^EufPcJEuCPor 2 ) in a rational manner by applying the 
Weiss method are described below. 

Reaction of (Por)Eu(acac) with (Pc)Eu(Pc). Treatment of TTPH 2 with 
excess Eu(acac)3*nH20 in refluxing 1,2,4-trichlorobenzene afforded the corresponding 
(TTP)Eu(acac) half-sandwich complex. Treatment of the latter with the unsubstituted 
( u Pc)2Eu double decker (vide infra) gave the expected triple decker 
(TTP)Eu( u Pc)Eu( u Pc) in 24% yield accompanied by unreacted starting materials 
(Scheme 1). The low yield may stem in part from the low solubility of the double- 
decker and triple-decker complexes, which caused difficulties in the chromatographic 
separation process. Nonetheless, these results show that the Weiss method could be 
applied with the bis(phthalocyanine) double decker ( u Pc)2Eu to obtain the expected 
triple decker (TTP)Eu( u Pc)Eu( u Pc) in a rational manner. 
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(Por)Eu(acac) 



reflux, 4-5 h (Pt)Eu(Pc) 




(Pdr)Eu(Pc)Eu(Pc) 

(TTPJEu^PcJEutTc) 24% 

(OEP)Eu(tBPc)Eu(tBPc) 76% 

(1-Pcr)Eu(tBPc)Eu(tBPfc) 70% 

(2-Pcr)Eu(tBPc)Eu(tBRc) 75% 
Scheme 1 
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The use of tetra-terf-butylphthalocyanine (consisting of a mixture of 
regioisomers) for the preparation of triple deckers was found to improve the solubility 
of the sandwich complexes. The reaction of 5,15-bis(4-iodophenyl)-10,20-di-p- 
tolylporphyrin (l-PorH 2 ) with Eu(acac)3*nH 2 0 followed by the double decker 
(tBPc) 2 Eu (vide infra) in 1,2,4-trichlorobenzene gave the triple decker (1- 
Por)Eu(tBPc)Eu(tBPc) in 70% yield. Similarly, the reaction of 5-[4-[2- 
(trimethylsilyI)ethynyl]phenyl]-15-[4-[2-(triisopropylsilyl)ethynyl]phenyl]-10,20-di- 
p-tolylporphyrin (2-PorH2) or octaethylporphyrin (OEPH 2 ) gave the triple decker (2- 
Por)Eu(tBPc)Eu(tBPc) in 75% yield or the triple decker (OEP)Eu(tBPc)Eu(tBPc) in 
76% yield, respectively (Scheme 1). In each case, no other triple decker was 
observed. Thus, higher yields were obtained with the more soluble double decker 
(tBPc)2Eu than with ("Pc) 2 Eu in the reaction with (Por)Eu(acac) in refluxing 1,2,4- 
trichlorobenzene. The triple deckers with iodo or ethyne substituents are valuable 
building blocks. The reaction of (TTP)Eu(acac) with the phthalocyanine double 
decker [(heptyl)gPc] 2 Eu (vide infra) proved to be unsuccessful. This result may stem 
from steric congestion of the alkyl groups on the periphery of the phthalocyanine in 
the expected triple decker. Indeed, the reaction of (heptyl)gPcLi 2 and 
octaethylporphyrin under the standard "reaction-of-monomers" conditions afforded 
exclusively the triple decker of type [(heptyl)gPc]Eu(Por)Eu[(heptyl)gPc] (Gryko, et 
al. (2001) J. Mater. Chem. 11: 1 162-1 180). 

Each triple-decker complex was characterized by LD-MS, FAB-MS, UV-Vis 
spectroscopy and ! H NMR spectroscopy. However, 'H NMR spectroscopy was not 
particularly useful for the characterization of complexes containing the tetra-ter/- 
butylphthalocyanine ligand due to the presence of phthalocyanine regioisomers 
(Sommerauer, et al. (1996) J. Am. Chem. Soc. 118:10085-10093). The purity of the 
complexes was confirmed by TLC and LD-MS analysis. 

Reaction of (TPP)Eu(acac) with (TTP)Eu( u Pc). Treatment of TPPH 2 with 
excess Eu(acac) 3 nH 2 0 in refluxing 1,2,4-trichlorobenzene afforded the corresponding 
(TPP)Eu(acac) half-sandwich complex. Treatment of the latter with the mixed double 
decker (TTP)Eu( u Pc) (vide infra) and further refluxing afforded a mixture of the three 
possible triple deckers of type (Por)Eu( u Pc)Eu(Por); in other words a mixture of 
(Por 1 )Eu( u Pc)Eu(Por 1 ), (Por^Eu^PcJEufPor 2 ), and (Por^EufPcJEutPof 2 ) as shown 
in Scheme 2. The presence of the components in the mixture was observed by LD- 
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MS and 'H NMR spectroscopy. Such a mixture results from cleavage of the starting 
double decker prior to the formation of the triple-decker complexes. Traces of the 
triple deckers (Por 1 )Eu( u Pc)Eu( u Pc) and (Por 2 )Eu( u Pc)Eu( u Pc) were also found in the 
mixture which further reflects cleavage of the double decker. The separation of the 
mixtures of triple deckers of the same type was not possible, due to the similarities of 
the substituents in the porphyrins TTPH 2 and TPPH 2 . 
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(TTP)Eu("Pc)Eu(TPP) 

+ OTP)EuCPc)Eu( u Pc) 

{TTP)Eu("Pc)EuCTTP) + + 

+ (TPPJEu^PcJEuCPc) 
(TPP)Eu("Pfc)Eu(TPP) 




(TTP)Eu(tBPc)Ce(tBPc) 
+ 

(1TP)Eu(tBPc)Eu(tBPc) 
+ 

(tBPc)Eu(tBPc)Eu(tBPc) 
+ 

(TPP)Eu(tBPc)Eu(TTP) 

Scheme 2 
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Reaction of (TTP)Eu(acac) with (tBPc)Ce(tBPc). Treatment of TTPH 2 with 
excess Eu(acac) 3 -nH 2 0 in refluxing 1,2,4-trichlorobenzene afforded the corresponding 
(TTP)Eu(acac) half-sandwich complex. Treatment of the latter with the double 
decker (tBPc)Ce(tBPc) (vide infra) and further refluxing afforded a mixture of several 
triple deckers of type (tBPc)Ce(tBPc)Eu(TTP) (main product in the crude mixture), 
(tBPc)Eu(tBPc)Eu(TTP), (tBPc)Eu(tBPc)Eu(tBPc) and (TTP)Eu(tBPc)Eu(TTP) as 
shown in Scheme 2. The presence of the components in the mixture was observed by 
LD-MS. Chromatographic separation of the expected (tBPc)Ce(tBPc)Eu(TTP) triple 
decker and the undesired (tBPc)Eu(tBPc)Eu(TTP) was not possible. Such a mixture 
results from cleavage of the starting double decker prior to the formation of the triple- 
decker complexes. Double deckers are known to undergo cleavage. Indeed, 
Buchler's "raise-by-one-story" synthesis employs reaction of (Por)M(Por) alone to 
give the triple decker (Por)M(Por)M(Por) (Buchler, et al. (1988) Inorg. Chem. 
27:339-345). Phthalocyanine-containing double deckers also undergo cleavage, as 
shown by the mixture of products obtained upon application of the Weiss "monomer 
+ dimer" synthesis method by Liu et al. ((2000) Inorg. Chim. Acta 310:140-146). A 
control experiment was performed to confirm that such scrambling results from the 
cleavage of the starting double decker and not from rearrangement of a triple-decker 
product. A sample of (TTP)Eu( u Pc)Eu( u Pc) (Li, et al. (2000) J. Org. Chem. 65:7379- 
7390) was heated under the conditions of the Weiss method [excess Eu(acac) 3 in 
refluxing 1,2,4-trichlorobenzene] for 22 h. No scrambling was observed; however, 
the slow decomposition of the triple decker yielding TTPH 2 and ( u Pc)Eu( u Pc) was 
observed. 

IL Investigation of Replacements for Eu(acac) 3 -nH 2 0. 

To find milder reaction conditions that could be used in the preparation of 
triple deckers, thereby avoiding the scrambling observed in some applications of the 
Weiss method, lanthanide precursors in place of Eu(acac) 3 nH 2 0 that could be reacted 
at lower temperatures were sought. The first experiments focused on the europium 
salts EuCl 3 , Eul 2 , Eu(OTfh, Eu(acac) 3 nH 2 0 and Eu(2,2,6,6-tetramethyl-3,5- 
heptanedionate) 3 . These salts were used in metalation reactions with the porphyrins 
TTPH 2 or TPPH 2 in various solvents (DMF, THF, DME, bis(2-methoxyethyl) ether) 
as well as with different bases (DBU, 2,6-lutidine) under reflux conditions. The state 
of metalation of the porphyrin was readily characterized by UV-Vis spectroscopy. In 
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some cases partial metalation of the porphyrin occurred but the subsequent reaction 
with u PcLi 2 for preparing the desired sandwich complex did not give a clean product 
distribution. 

To obtain the clean formation of a europium porphyrin half-sandwich complex 
that was stable in solution, we tried to substitute the ligands on the europium center by 
organic substituents through reaction of EuX 3 (X = CI, OTf, acac or 2,2,6,6- 
tetramethyl-3,5-heptanedionate) with RLi [R = /erf-butyl, butyl, Si(SiMe 3 ) 3 , 
N(SiMe 3 ) 2 ] in bis(2-methoxyethyl) ether. The only known compounds related to 
these experiments are EuCl[N(SiMe 3 ) 2 ] 2 (Aspinall, et al. (1989) J, Chem. Soc, 
Dalton Trans. 623-626) and Eu[N(SiMe 3 ) 2 ] 3 (Bradley, et al. (1973) J, Chem, Soc, 
Dalton Trans, 1021-1023). The latter complex was used for metalation of porphyrins 
by Wong et al.((1999) J, Chem, Soc, Dalton Trans, 3053-3062). Of the various RLi 
reagents examined, facile metalation yielding a europium porphyrin half-sandwich 
complex was obtained by using the amide ligand (R = N(SiMe 3 ) 2 ) in reaction with 
EuCl 3 . The process, which is quite similar to the reported procedure (Aspinall, et al. 
(1989) J, Chem, Soc, Dalton Trans, 623-626), employed the following steps: (1) to a 
vigorously stirred suspension of EuCl 3 in bis(2-methoxyethyl) ether at 0°C was 
slowly added two molar equiv of LiN(SiMe 3 ) 2 in THF, (2) wanning to room 
temperature (1 h) and then stirring for 1 h, (3) addition of the porphyrin, and (4) 
refluxing the mixture for 3 h. In this manner, a stable solution of the porphyrin half- 
sandwich complex (Por)EuCl was obtained as evidenced by UV-Vis spectroscopy. 
Use of 3 molar equiv of LiN(SiMe 3 ) 2 , which affords Eu[N(SiMe 3 ) 2 ] 3 , as performed by 
Aspinall, et al. ((1989) J, Chem, Soc, Dalton Trans, 623-626) did not afford stable 
solutions of the europium porphyrin half-sandwich. The (Por)EuCl half-sandwich 
complex is expected to react with a dilithium phthalocyanine to give sandwich 
complexes. The Afunctional europium complex EuCl[N(SiMe 3 ) 2 ] 2 provides distinct 
avenues of reaction with a free base versus a dilithium porphyrinic macrocycle. The 
reaction with a free base porphyrin in the formation of a half-sandwich complex 
would lead to amine elimination (- HN(SiMe 3 ) 2 ). The subsequent reaction with a 
dilithium phthalocyanine should give elimination of salt (- LiCl). This type of 
Afunctional reactivity cannot occur with a reagent such as MX 3 . Note that the 
structure envisaged for the (Por)EuX half sandwich has X = CI. The alternative 
structure where X = N(SiMe 3 ) 2 appears much less likely, given that the porphyrin 
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half-sandwich complex derived from Eu[N(SiMe 3 ) 2 ]3 was not stable and underwent 
slow demetalation. This method was developed for the more demanding case of 
preparing the europium porphyrin half-sandwich complex, but applied later to both 
porphyrins and phthalocyanines. However, the reaction with a free base 
phthalocyanine affords the bis(phthalocyanine) double decker rather than the half- 
sandwich complex. 

III. Synthesis of Double Deckers and Triple Deckers using 
EuCl[N(SiMe 3 ) 2 ]2. 

The synthesis of triple deckers was the main focus of this work. However, to 
probe the reactivity of the (Por)EuCl half-sandwich complex, we first investigated 
the synthesis of double deckers using this reagent. 

(Por)Eu(Pc) Double Deckers. The porphyrin was added to a 4-fold excess of 
EuCl[N(SiMe3)2]2 prepared in situ in bis(2-methoxyethyl) ether and the resulting 
mixture was refluxed for ca. 3 h. Bis(2-methoxyethyl) ether has bp 162°C; the oil 
bath temperature for these reactions was set at ~170°C. The metalation of the 
porphyrin leads to a change in the pattern of the Q-bands in the absorption spectrum, 
as reported by Wong et al. ((1983) Inorg. Synth. 22:156-162). The metalated 
porphyrin was stable in dilute solution as determined by UV-Vis spectroscopy; in 
contrast, the metalated porphyrin product obtained from Eu[N(SiMe3)2]3 (also 
prepared in situ) demetalated in dilute solution over the course of a few minutes. The 
expected structure of the metalated product derived from EuCl[N(SiMe3)2]2 is shown 
in Scheme 3. Note that additional solvent and/or salt molecules may be coordinated 
to the europium center. (An X-ray study on crystals grown from a toluene solution of 
metalated me$o-tetra-/?-tolylporphyrin failed because of lack of reflexes.) 
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Scheme 3 

The europium porphyrin half-sandwich complex was then treated with a 
dilithium phthalocyanine to obtain sandwich complexes. The best results were 
obtained by using a two-fold excess of a dilithium phthalocyanine, because the latter 
reacts with the porphyrin half-sandwich as well as with the excess EuCl[N(SiMe 3 )2]2 
remaining from the porphyrin metalation process. The main products in these 
reactions were the double-decker complexes (Por)Eu(Pc) and (Pc)Eu(Pc) (Scheme 4). 
The separation was performed by repeated column chromatography, typically two 
silica columns (CHCI3) followed by an SEC column (THF). During the course of the 
first column chromatography procedure, the reduced (Por)Eu(Pc)" (green) and 
(Pc) 2 Eu" (blue) double-decker species were oxidized to the corresponding neutral 
forms [brown for (Por)Eu(Pc); green for (Pc) 2 Eu]. This type of behavior has been 
described by Jiang et al. ((1988) Polyhedron 17:3903-3908). To overcome the low 
solubility of the u Pc-containing complexes, prior to the chromatographic work up, the 
crude reaction mixture was stirred overnight with silica gel in CHCI3 to oxidize the 
reduced species of the double deckers, yielding the neutral forms. 
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R 1 



R 1 = p-totyl, R 2 /R 3 = H: (TTPJEuCPc) 
R 1 = p-tolyl, RW « H/[f-Bu): OTP)Eu(tBPc) 




R 2 /R 3 = H: fPcJEufPc) 
R 2 /R 3 = H/(f-Bu): (tBPc)Eu(tBPc) 

Scheme 4 
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Thus, treatment of the EuCl[N(SiMe 3 ) 2 ] 2 solution with TTPH 2 gave the 
metalated porphyrin. The subsequent reaction with unsubstituted phthalocyanine 
"PcH 2 afforded the (TTP)Eu( u Pc) double decker in 38% yield. The use of dilithium 
tetra-terf-butylphthalocyanine in the same reaction gave the double decker 
(TTP)Eu(tBPc) in 94% yield (Scheme 4). 

(Pc)Eu(Pc) Double Deckers. For the preparation of phthalocyanine sandwich 
complexes, studies of the reaction of a free base phthalocyanine with the 
EuCl[N(SiMe3) 2 ]2 reagent prepared in situ were performed. In general, the reaction of 
a solution of EuCl[N(SiMe 3 )2]2 and a free base phthalocyanine in refluxing bis(2- 
methoxyethyl) ether for 5-18 h gave the corresponding (Pc)Eu(Pc) double decker. 
Thus, the reaction of u PcH 2 , tBPcH 2 , tBNcH 2 , (heptyl)8PcH 2 , or (octyloxy)8PcH 2 gave 
( u Pc) 2 Eu, (tBPc) 2 Eu, (tBNc) 2 Eu, [(heptyl)gPc] 2 Eu, or [(octyloxy) 8 Pc] 2 Eu in yields 
>61% (Scheme 5). A trial to make the double decker of 1,4,8,11,15,18,22,25- 
octabutoxyphthalocyanine failed and led to the decomposition of the starting material. 
These results show the higher reactivity of the phthalocyanines compared to the 
porphyrins. The only byproducts observed in these reactions were the free base 
phthalocyanine starting material, and in the case of the tetra-f-butylphthalocyanine, 
traces of the homoleptic triple decker (tBPc)Eu(tBPc)Eu(tBPc) as observed by 
preparative SEC and analysis by LD-MS. Separation was achieved by one silica 
column (CHC1 3 ) and one SEC (THF) column [except for the reaction with u PcH 2 , due 
to solubility problems]. The low solubility of complexes containing the unsubstituted 
phthalocyanine caused problems in the separation process. In this case, prior to the 
chromatographic work up, the crude reaction mixture was stirred overnight with silica 
gel in CHCI3 to oxidize the reduced species of the double decker, yielding the neutral 
form. In so doing, better separation in the chromatographic step (silica, CHC1 3 ) was 
obtained. 
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R 1 =R 2 =H: 71% 
R 1 /R 2 = H/(f-Bu): 78% 
R 1 = R 2 = heptyl: 83% 
R 1 =R 2 = octyloxy: 90% 

Mr£e 

RVR 2 = H/(f-Bu): 74% 
R!=R 2 = octyloxy: 66% 



Scheme 5 

It is noteworthy that a variety of methods have been developed for the 
synthesis of lanthanide double deckers, including directed routes and statistical routes 
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Homoleptic phthalocyanine double deckers have been prepared by 
cyclotetramerization of a phthalonitrile in the presence of a Ln(OAc)3 alone (Kirin, et 
al. (1965) Russ. J. Inorg. Chem. 10:1065-1066) or under Shiraishi conditions 
(Tomoda, et al. (1980) Chem. Lett. 1277-1280; Tomoda, et ah (1983) Chem. Lett. 
313-316) in the presence of DBU in a long-chain alcohol at reflux (Jiang, et aL (1997) 
Polyhedron 16:515-520; Jiang, et aL (2000) Eur. J. Inorg. Chem. 205-209; De Cian, 
et al (1985) Inorg. Chem. 24:3162-3167; Nyokong, et al (2000) Inorg. Chem. 
39:128-135). Homoleptic porphyrin double deckers have been prepared by reaction 
of a free base porphyrin with Ln(acac)3 in refluxing 1 ,2,4-trichlorobenzene (Buchler, 
et al. (1983) Z Naturforsch. 38b:1339-1345) or by reaction of a (porphyrin)M(acac) 
half-sandwich complex with a porphyrin-dilithium species (Buchler and Scharbert 
(1988) J. Am. Chem. Soc. 110:4272-4276). Heteroleptic porphyrin double deckers 
have been prepared via a statistical reaction of two free base porphyrins with a 
Ln(acac)3 in refluxing 1,2,4-trichlorobenzene (Buchler, et al. (1989) Chem. Ber. 2219- 
2228). Heteroleptic phthalocyanine double deckers have been prepared via statistical 
reaction of two dilithium phthalocyanines in the presence of a Ln(acac)3 in refluxing 
chloronaphthalene (Pondaven, et al. (1992) New J. Chem. 16:711-718; Pondaven, et 
al. (1991) New J. Chem. 15:515-516; Cadiou, et al. (1999) J. Org. Chem. 64:9046- 
9050). A directed approach employed reaction of a PcLi2 with a Ln(acac)3 to form 
the (Pc)M(acac) half-sandwich complex, which provides a template to direct the 
cyclotetramerization of a phthalonitrile under Shiraishi conditions (Tomoda, et al. 
(1980) Chem. Lett. 1277-1280; Tomoda, et al. (1983) Chem. Lett. 313-316) to form 
the second phthalocyanine (Jiang, et al. (1998) Inorg. Chim. Acta 268:141-144). 
Porphyrin-phthalocyanine double deckers have been prepared via a number of routes: 
(a) directed reaction of a PcLi 2 with a Ln(acac) 3 at 120°C to form the half-sandwich 
complex, followed by reaction with a free base porphyrin in refluxing 1,2,4- 
trichlorobenzene (Tran-Thi, et al. (1994) J. Phys. Chem. 98:8279-8288); (b) directed 
reaction of a (Pc)M(acac) with a free base porphyrin, or a (Por)M(acac) with a PcLi2, 
in refluxing 1,2,4-trichlorobenzene (Chabach, et al. (1995) J. Am. Chem. Soc. 
117:8548-8556); (c) directed reaction under Shiraishi conditions (Tomoda, et al. 
(1980) Chem. Lett. 1277-1280; Tomoda, et al. (1983) Chem. Lett. 313-316) using a 
(Por)M(acac) as a template to direct the cyclotetramerization of a phthalonitrile 
(Jiang, et al. (1988) Polyhedron 17:3903-3908; Jiang, et al. (1999) Chem. Lett 261- 
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262); (d) a one-flask reaction under Shiraishi conditions (Tomoda, et al. (1980) Chem. 
Lett. 1277-1280; Tomoda, et al. (1983) Chem. Lett. 313-316) of a free base porphyrin, 
Ln(acac) 3 , and a naphthalonitrile (Jiang, et al. (2001) Eur. J. Inorg. Chem. 413-417). 
The route described herein is a directed route. In some respects, the directed route 
described herein resembles Linstead's method in the original discovery of double 
deckers, in which (Pc)SnCl2 was reacted with PcLi 2 affording the corresponding 
(Pc)Sn(Pc) (Barrett, et al. (1936) J. Chem. Soc. 1719-1736). A directed route is 
superior to statistical procedures for the preparation of heteroleptic porphyrin double 
deckers or heteroleptic phthalocyanine double deckers. A directed route is not needed 
to prepare homoleptic phthalocyanine double deckers or homoleptic porphyrin double 
deckers. 

Triple Deckers. To prepare triple deckers, the porphyrin half-sandwich 
(Por)EuCl was reacted with several different double-decker compounds. The double 
deckers were used in the neutral or reduced forms. The reduced form of the 
(Por)Eu(Pc) double decker (Por = TTP; Pc = u Pc or tBPc) was generated in bis(2- 
methoxyethyl) ether by reaction with an equimolar amount of NaBH4 in bis(2- 
methoxyethyl) ether at room temperature for 24 h. In the course of this reaction the 
mixture underwent a characteristic change in color from brown to green. The reduced 
form of the (Pc) 2 Eu double decker (Pc = u Pc or tBPc) was obtained by reaction of the 
neutral double decker with one molar equivalent of NaBRi, affording a color change 
from green to blue during the course of reduction. All double-decker species 
containing the unsubstituted phthalocyanine were poorly soluble in the bis(2- 
methoxyethyl) ether. Triple-decker complexes were only obtained by using double- 
decker complexes containing the tetra-terf-butylphthalocyanine (tBPc) in reactions 
with the europium porphyrin half-sandwich complex. 

The triple decker (TTP)Eu(tBPc)Eu(tBPc) was obtained in two different 
reactions starting with (TTP)EuCl. The reaction of (TTP)EuCl (3 or 1.5 molar equiv) 
with either the neutral or reduced form of the double decker (tBPc) 2 Eu in refluxing 
bis(2-methoxyethyl) ether for 20 h afforded the triple decker in 16% or 17% yield, 
respectively. The reaction of (Por)EuCl and a double-decker species was performed 
for 20 h at reflux in bis(2-methoxyethyl) ether. The product was isolated by 
chromatography (one silica column, one SEC column). Yields are based on the 
amount of the bis(phthalocyanine) species. Compared with the good yields obtained 
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in the reactions of the (Por)Eu(acac) half-sandwich complex with the (tBPc) 2 Eu 
double decker (vide supra) in refluxing 1,2,4-trichlorobenzene via the Weiss method, 
these approaches using a (Por)EuCl half-sandwich complex showed that triple deckers 
of type (Por)Eu(tBPc)Eu(tBPc) could be obtained under these conditions but afforded 
no improvement in yield. 

Triple deckers of the type (Por ! )M(tBPc)M(Por 2 ) are highly desirable for 
information-storage applications but have not yet been employed in these applications 
due to lack of suitable synthetic methods. We investigated the synthesis of these 
types of triple deckers by the reaction of the (TPP)EuCl half-sandwich complex with 
the double-decker species (Por)Eu(Pc) (Por = TTP; Pc = u Pc or tBPc). The reaction 
using the double decker (TTP)Eu( u Pc) met with failure. After reaction of (TPP)EuCl 
with (TTP)Eu(tBPc) for 24 h in refluxing bis(2-methoxyethyl) ether, the LD-MS 
spectrum of the reaction mixture showed a peak indicating that the expected triple 
decker (TPP)Eu(tBPc)Eu(TTP) was a minor product. However, the isolated yield was 
quite low and insufficient material was obtained for full characterization. A longer 
reaction time afforded no increase in yield. The reduced form of the double decker 
afforded a similar reaction pattern. 

In summary, the reaction of the (Por)EuCl half-sandwich complex with a 
suitable phthalocyanine double decker affords the corresponding triple decker. The 
reaction is performed at lower temperature (~170°C) than the Weiss method 
(~230°C), affords the triple decker devoid of scrambling albeit in low yield, and 
works with the tBPc but not the u Pc ligand. While the restriction to the use of the 
tBPc ligand may seem quite limiting, triple deckers composed of ligands bearing 
electron-releasing substituents are highly attractive for information storage 
applications (Gryko, et al. (2001) J. Mater. Chem. 11: 1162-1180). In addition, the 
presence of the /-butyl substituents affords increased solubility. Thus the scope of this 
method was examined using the tBPc macrocycle. To examine the effects of 
lanthanide salts with better leaving groups than chloride, Cel 3 was used as a starting 
material. L11I3 was also tried under the same conditions employed with Cel 3 . 
However, no metalation of the porphyrin was observed by UV-Vis spectroscopy. 
Cerium-containing triple deckers are attractive for molecular information storage 
applications given their additional cationic oxidation states compared with those of 
other lanthanide triple deckers. 
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IV. Synthesis of Double Deckers and Triple Deckers using 
CeI[N(SiMe 3 ) 2 ]2. 

The procedure for the in situ preparation of EuCl[N(SiMe3)2]2 was applied to 
Cel3 with minor changes. (1) The Cel 3 was treated with 2 molar equiv of 
LiN(SiMe 3 ) 2 (THF solution) in bis(2-methoxyethyl) ether at 0°C (2) The solution 
was allowed to warm to room temperature (1 h) and after that the mixture was 
refluxed for 1 h to obtain complete reaction of the Cel 3 (Cel 3 in the form of beads 
reacts to completion only under vigorous conditions). The resulting solution of 
CeI[N(SiMe 3 )2]2 was used in reactions with porphyrins [ratio of Cerporphyrin > 4:1] 
to obtain the corresponding (Por)CeI half-sandwich complexes. The completeness of 
metalation was again estimated by UV-Vis spectroscopy. It is noteworthy that the 
(Por)CeI complexes formed stable solutions, similar to the case of the (Por)EuCl half 
sandwich complex. In contrast, (Por)Ce(acac) complexes have been reported to be 
unstable (Wong, C.-P. (1983) Inorg. Synth. 22:156-162). In the following, we 
examine the synthesis of double deckers as a prelude to the synthesis of triple deckers. 

(Por)Ce(tBPc) Double Deckers. The reaction of TTPH 2 with the 
CeI[N(SiMe 3 )2]2 reagent (generated in solution) followed by treatment with an 
equimolar amount of tBPcLi 2 gave the green double decker (TTP)Ce(tBPc) in 72% 
yield. The use of PnPH 2 in the same reaction led to (PnP)Ce(tBPc) in 57% yield 
(Scheme 6). Thus, the reaction of the (Por)CeI half-sandwich complex with an 
equimolar amount of tBPcLi 2 cleanly gave the double-decker species (Por)Ce(tBPc). 
In contrast to the reaction with the europium analogue, in these reactions no 
bis(phthalocyanine) double decker (i.e., (tBPc) 2 Ce) was observed. The different color 
(green) of (Por)Ce(Pc) complexes compared with that of the europium double deckers 
(Por)Eu(Pc) (brown) is attributed to the different redox states of the metals and 
ligands: the europium complex is formulated as (Por^Eu^Pc" •); the cerium complex 
asfPoi^Ce^fPc 2 "). 



